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based conjugated metal-organic
framework.

o The conjugated MOF showed 40 uS m™!
(25 kQ m™!) at room temperature.

e A highly selective electrocatalytic con-
version of HMF into FDCA (96 + 4 %) is
achieved.
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(NiOOH) and an electron conductive
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ARTICLE INFO ABSTRACT
Keywords: Utilizing electrical energy for the targeted conversion of biomass into valuable molecules is a crucial building
Metal organic frameworks block for a future circular economy. Herein, a Nickel (Ni)-based conjugated metal-organic framework (MOF)
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having salicylaldehydate linkages (1, 3, 5-triformylphloroglucinol: Tp) was synthesized via a solid-state process.
The resulting 2D framework (Ni-Tp) demonstrates a highly selective electrocatalytic conversion of 5-hydroxyme-
HMF conversion thylfural (HMF) to 2, 5-furandicarboxylic acid (FDCA) with excellent faradaic efficiency (96 + 4 %). In-situ
In-situ spectroscopy Raman and X-ray absorption spectroscopy (XAS) reveal that Ni-Tp acts as a precatalyst for uniformly
Organic oxidation reaction (OOR) dispersed nickel (oxy)hydroxide (NiOOH) in the electrocatalytic organic oxidation reaction (OOR) process. The
combination of efficient electron transport of the Ni-Tp and the uniform dispersion of newly formed nickel (oxy)
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hydroxide with excellent electrolyte availability leads to redox (and potentially catalytic) activity of all in situ
formed nickel sites. Thus, the Ni-Tp is an ideal precatalyst in terms of nickel (oxy)hydroxide active site exposure.
This work demonstrates a cost-effective method for synthesizing efficient MOF-based electrocatalysts for a

relevant catalytic reaction.

1. Introduction

Metal-organic frameworks (MOFs) are two- or three-dimensional
(2D/3D) inorganic-organic hybrid porous materials with well-defined
structures [1]. The wide variety of metal nodes and organic linkers
has enabled the preparation of diverse functional porous structures.
Among these, n-d conjugated two-dimensional MOFs (2D-c-MOFs) are
known for their optoelectronic properties due to the coordination of
vacant d orbitals of metal ions with r orbitals of organic building blocks
[2-5]. Specifically, 2D-c-MOFs are being investigated for their electro-
catalytic potential due to their high surface-to-volume ratio, inherent
electronic mobility, and uniform distribution of metal centers [6].
Recently, MOF-based catalysts/precatalysts were explored for the
transformation of biomass-derived 5-hydroxymethylfural (HMF) into
value-added 2, 5-furandicarboxylic acid (FDCA) [7,8]. HMF can be
derived from abundant and cheap lignocellulosic biomass, and FDCA is a
precursor for green polymer production [7,8]. The targeted conversion
of biomass into such valuable molecules presents a promising strategy
for advancing the circular economy. Significant research has been done
on the electrical energy-induced transformation of such molecules [9].
Notably, c-MOFs were predominantly synthesized using solvothermal
synthetic strategies [10-13]. Meanwhile, applications like biomass
conversion into commercially valuable chemicals require highly effi-
cient catalysts/precatalysts on a large scale. In this regard, producing
electrocatalysts more cost-effectively, preferably through solvent-free
methods, is advisable. Notably, solid-state synthesis, often considered
an efficient, scalable, and economical method, presents itself as a viable
alternative.

Considering all these aspects, we have synthesized a nickel (Ni)-
based 2D-c-MOF (Ni-Tp) through a solid-state mechanomixing process.
Herein, the Ni atoms are connected via salicylaldehydate linkages of an
organic linker; 1, 3, 5-triformylphloroglucinol (Tp), i.e., ortho aldehyde
(-H-C=0) and hydroxyl (-OH) functional groups, forming a 2D
framework [14]. In this work, the dynamic properties of Ni centers in the
framework were explored for the selective electrocatalytic conversion of
HMF to FDCA. In the electrocatalytic process, Ni-Tp plays the following
crucial roles: 1) It serves as a source of active electrocatalytic sites,
namely nickel (oxy)hydroxide, and 2) acts as the electron transport
platform. The n-d conjugation in Ni-Tp enables local electron transport
throughout the system (conductivity of ~40 uS m™! (25 kQ m™!) at
room temperature), contributing to enhanced catalytic activity. As a
result of the synergic effect of Ni-Tp/NiOOH, the electrocatalytic
investigation showed the conversion of HMF into FDCA with 96 + 4 %
selectivity and faradaic efficiency. Furthermore, the detailed ex-situ and
in-situ characterizations evidenced the partial reconstruction of Ni-Tp
into nickel (oxy)hydroxide nanoparticles. Significantly, these newly
formed Ni sites exhibit a potential-dependent high redox activity tran-
sitioning between nickel hydroxide and nickel (oxy)hydroxide.
Combining scalable production methods and the synergistic effect of Ni-
Tp and NiOOH underscores its practical applicability in large biomass
conversion to valuable chemicals.

2. Experimental
2.1. Synthesis of Ni-Tp
The Ni-Tp was synthesized through mechanochemical reactions

using a mortar and pestle. The Tp linker (0.15 mmol) was directly added
into the 1.5 equivalent of Ni(CH3CO3)2-4H0 (0.225 mmol) and

mechano-mixed thoroughly into a solid paste form (Fig. 1a and Fig. S1).
A drop of deionized (DI) water (~50 pL) was added to the solid mixture
for uniform mixing and subsequently heated at 90° C in a closed
container for 5 h. The resulting solid powder was washed with N,N-
dimethylacetamide (DMA), tetrahydrofuran (THF), water, and acetone
to obtain Ni-Tp. [Synthetic procedures for all compounds are given in
SL].

2.2. Electrochemical measurements

Electrochemical experimental setups: A standard three-electrode
(working, counter, and reference) electrochemical cell with 10 ml
electrolyte (1.0 M aqueous KOH (pH 13.89)! with the respective HMF
concentration) and a potentiostat (SP-200, BioLogic Science In-
struments) controlled by the EC-Lab v10.20 software package was uti-
lized for the measurements. Nickel foam and (NF) and fluorine-doped tin
oxide glass plates (FTO) with thin films of the respective compounds
were used as the working, Pt wire (0.5 mm diameter x 230 mm length,
A-002234, BioLogic) as the counter electrode, and Hg/HgO (RE-61AP,
BAS Inc.) as the reference electrode. The Hg/HgO potentials were
referenced to the reversible hydrogen electrode (RHE) through cali-
bration with a self-made RHE. This method utilizes two platinum foils as
the working and counter electrodes and the Hg/HgO electrode as the
reference electrode. With these electrodes, CVs are performed in the
electrolyte (organic substrate + 1 M aqueous KOH), which was saturated
with hydrogen gas through bubbling for 1 h before measurement. The
point at which the current density reaches zero (approximately —934
mV) was taken as the RHE potential.

Electrophoretic sample deposition (EPD): The materials were electro-
phoretically deposited using a well-established, binder-free procedure
on nickel foam (NF) and fluorine-doped tin oxide glass plates (FTO). In a
two-electrode setup with FTO or nickel foam (2 x 1 cm?) serving as the
counter and reference electrodes, and a mixture of iodine, catalyst
powder, and acetone as the electrolyte, a potential difference is applied,
resulting in the deposition of a beige film on the cathode. In this process,
keto-enol tautomerization of acetone leads to a reaction with iodine,
producing protons. These protons are adsorbed on the surface of the
suspended particles, leading to a positive surface charge. This charge
enables the particles to migrate along the applied electric field toward
the cathode where they deposit. In the standard procedure, 25 mg of Ni-
Tp was suspended in 8 ml acetone and sonicated at room temperature
for 3 h. Then, 3 mg of iodine was added, and the suspension was soni-
cated for three additional minutes. Immediately after the sonication,
EPD was performed at 10 V for 60 s while stirring to obtain uniform
films. The sample loading was determined by weighing the NF and FTO
before and after the deposition process (error approximately 0.1 mg/
em?) and was found to be 0.6 and 0.3 mg/cm?, respectively.

iR compensation: The uncompensated resistance (R,)) was determined
through impedance spectroscopy with 100 MHz, an amplitude of 10 mV,
and at a potential of 1.175 Vgyg before each measurement. It was found
to be usually in the range of 0.8 Q for NF and 10 Q for FTO. The potential
was corrected by 90 % of R.

Linear scan voltammetry: LSVs were recorded at 10 mV s~ ! without
stirring, if not stated otherwise, and iR compensation.

Chronoamperometry and chronopotentiometry: The CA and CP mea-
surements were performed with stirring and an applied iR compensation
of 90 %. Additionally, the electrolyte was temperature-controlled at
25 °C.

HMF bulk electrolysis: Bulk electrolysis was performed under constant
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potential (1.47 Vgyg) with stirring at 500 rpm (15 ml beaker, 1 cm
stirring bar, 1.5 cm diameter) with 10 ml electrolyte. The HMF was
added to the KOH just before the potential was applied to minimize the
formation of side products through reactions that are not potential-
driven.

Characterization of HMF oxidation products: The oxidation reaction
mixture was characterized by 'H nuclear magnetic resonance spectros-
copy (‘HNMR) spectroscopy in a 400 MHz JEOL NMR and Bruker
AV400 instrument. The internal standard (maleic acid, 52 mg) was
diluted in 1 ml D50 and then added to this solution (10 pl per NMR tube)
with a transfer pipette. The molar concentration of maleic acid in the
NMR tube was identical to the initial concentration of HMF (typically 30
mM). The 'H NMR sample was prepared by taking a 150 pL aliquot of the
reaction mixture solution and 350 pL D20 solvent. Processing and
plotting of the spectra were performed using MestReNova software. A
sharp peak at 4.7 ppm appeared for the H2O from the aqueous reaction
mixture and was used as a reference for the chemical shifts of the other
proton signals. The chemical shift values of the protons of the organic
products were assigned accordingly. The HMF oxidation product
(FDCA) was quantified (chemical conversion) by calculating the relative
intensity of the proton signals in comparison to the internal standard.
Chemical conversion and Faradaic efficiency (FE) were calculated using
the following equations:

Chemical conversion(%) = [nproduct / Mreactant initial conc.]XI 00 3
FE(%) = (Mproguce'e-F/Q) X100 (@)

where FE is the Faradaic efficiency, F is the Faraday constant (96,485 C
mol’l), n is the mol of reactant quantified from H NMR, ne is the
number of electrons needed for the oxidation process (6 for HMF to
FDCA), and Q is the charge (coulombs) passed in the electrochemical
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cell. The error (+4%) provided for the Faradaic efficiency determination
of this reaction is based on the standard deviation of three independent
bulk oxidations with three different electrodes using powder from the
same Ni-Tp synthesis batch.

3. Results and discussion
3.1. Characterizations of material

The structural periodicity of Ni-Tp was evident from the powder X-
ray diffraction (PXRD) profile (Fig. 1c; Figs. S2-S4). The broadness of
the peaks indicates the semi-crystallinity of the material. The diffraction
peaks of Ni-Tp originated at two theta ~7.0°, ~14.2°, ~20.3°, ~25.2°,
and ~28.5°. To decipher the possible structure of Ni-Tp, theoretical
crystal models were simulated using Material Studio software (Fig. 1b;
d-f and Table S1). The theoretical model was optimized with Ni?* atoms
at the metal position in the P3; space group (a = b = 14.55 A and ¢ =
9.37 10\). In this model, the Ni%* atoms were coordinated with two sali-
cylaldehyde functional pockets from separate Tp molecules [14].
Notably, the 2D layers of Ni-Tp are not fully eclipsed in nature, instead, a
slight displacement of Ni atoms and aldehyde oxygen of adjacent layers
was noted in the optimized structure (hcb layers with ABC stacking).

The chemical bonding features of Ni-Tp were inspected using
Fourier-transform infrared (FT-IR) spectroscopy (Fig. 2a and Fig. S5).
The peak shifting of aldehyde C=0 (1619 cm ™) to a lower frequency of
1550 cm ! could indicate the coordinative interaction of Ni'' with the
C=O0 group, which may weaken the double bond between carbon and
oxygen and decrease the vibrational frequency between them. Further-
more, X-ray photoelectron spectroscopy (XPS) revealed the chemical
states of elements in Ni-Tp (Fig. 2b and Fig. S6). The XPS profile of Ni-Tp
showed two significant peaks corresponding to Ni 2p3,, (856.42 eV) and

O Carbon
O Oxygen
O Nickel

Fig. 1. (a) graphical representation of the synthesis of Ni-Tp from the organic building block (Tp) and metal ions (Ni%*). (b) The hexagonal network of Ni-Tp with the
chemical structure. (c) Experimental (black) and calculated (orange) PXRD profiles of Ni-Tp, along with the Bragg positions (green), the difference between both
patterns (blue), and the Pawley refinement (red). (d) The square planar model of Ni-Tp (Pore size: ~1.1 nm and an interlayer distance of ~0.3 nm. (e) The 2D square
planar bonding of Tp with Ni. (f) The three consecutive layers of Ni-Tp with an interplanar distance of ~ 0.3 nm. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) FT-IR profiles of Ni-Tp with Tp linker. (b) the XPS profile of Ni-Tp shows the chemical state of Ni in the MOF. (c) N gas adsorption isotherm of Ni-Tp with
a BET surface area of 109 m? g~'. (d) SEM images of Ni-Tp. Inset: TEM image of Ni-Tp. (e) EDX images show carbon (grey) (INSET: The original SEM images for the
elemental mapping), (f) nickel (green), and (g) oxygen (red) distribution in Ni-Tp. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Ni 2py/2 (874.36 eV) with corresponding weak satellite peaks. The
higher binding energy of Ni indicates its + 2 oxidation state [15]. The
Ni-Tp is synthesized in the presence of water, which may allow water
molecules to coordinate with the nickel in the framework. A weak and
broad peak observed at ~3000-3500 cm ™~ in the FT-IR spectrum of Ni-
Tp indicates the presence of water in the framework (Fig. S5). Addi-
tionally, the Fourier-transformed extended X-ray absorption fine struc-
ture (EXAFS) data suggest the potential coordination of water molecules
with nickel. For more details, please refer to the in-situ and ex-situ
analysis section and Table S3.

To analyze the broad-range synthetic feasibilities of Ni-Tp, we have
conducted the synthesis in different reaction conditions such as tem-
perature, time, and varying the nickel salt precursor. The formation of
semicrystalline Ni-Tp at even low temperatures (60 °C for 5 h) treatment
indicates the energy-friendly nature of the synthesis (Fig. S7). Notably,
Ni-Tp was formed within 1 h at 90 °C (Fig. S8 -S9). Moreover, the PXRD
and FT-IR characteristic profiles of Ni-Tp were maintained even after 72
h of treatment in water and various organic solvents such as DMA, THF,
acetonitrile, and toluene (Figs. S10-S11). It signifies the structural and
chemical stability of Ni-Tp with the strong coordinative interaction of
metal ions with Tp to resist any solvation effect. Moreover, the retained
PXRD and FT-IR profiles showed the chemical stability of Ni-Tp towards
1 M KOH treatment (Figs. S12-S13). When we varied the nickel salts
counter ions (chloride, nitrate, acetate, and acetylacetonate), only ace-
tate and acetylacetonate led to successful identical crystallinity. On the
other hand, nickel chloride does not interact with Tp as reflected by
PXRD, which corresponds to Tp alone. Nickel nitrate was also amor-
phous under the same synthesis conditions (Figs. S14-16). Hereinafter,
Ni(OAc)2-4H,0 was used in further exploration due to the optimum
crystallinity and stability of the resulting product.

The critical role of the C3 symmetric salicylaldehyde functional
group for the strong coordination with Ni>* was understood from a
control-study of functional groups (Figs. S17-S21). The reaction of Ni%*
with sole OH group functionalized Cz symmetric phloroglucinol (Pg)
yielded a light-brown powder (Ni-Pg). Meanwhile, the reaction with 2-
hydroxytriformylbenzene (Ht) with Ni2* resulted in a light-green color
powder (Ni-Ht). The PXRD profiles indicate a crystalline pattern before
washing Ni-Pg and Ni-Ht. Again, FT-IR profiles showed new peaks for
Ni-Pg and Ni-Ht, indicating the coordination possibilities between metal

and organic linkers. However, these materials exhibited relatively lower
stability in highly polar solvents such as DMA. The poor solvent stability
could be attributed to the lack of strong interactions between the metal
ions and the organic linkers, which results in the limited growth of the
framework. In this case, "Pg’ contains only ~OH groups as functional
moieties for interaction with metal ions, whereas "Ht’ features one sal-
icylaldehyde functional pocket and two additional C=0 groups. In both
instances, the framework growth is restricted due to the absence of
multiple salicylaldehyde functional pockets and their symmetric distri-
bution. This underscores the critical role of Cs-symmetric
salicylaldehyde-type interactions between metal ions and organic
monomers in facilitating the growth of the framework in 2D space.

Thermogravimetric analysis (TGA) showed the thermal stability of
Ni-Tp in an inert (Ny) atmosphere (Fig. S22). The TGA plot of Ni-Tp
indicates thermal stabilities up to 300 °C with 91.7 % of weight reten-
tion. The porosity features of Ni-Tp were analyzed using No gas
adsorption isotherm at 77 K (Fig. 2c). The Ni-Tp exhibited a type-II
adsorption isotherm with a Brunauer-Emmett-Teller (BET) surface
area of 109 m? g~1. Non-local density functional theory (NLDFT) pore
size distribution of Ni-Tp showed a pore size around 1.1 nm (Fig. S23).
Transmission electron microscopy (TEM) imaging revealed 2D sheet-
like morphology for Ni-Tp on a nanoscopic scale (Fig. 2d (inset) and
Fig. S24). Scanning electron microscopy (SEM) displayed macroporous
surface features of Ni-Tp (Fig. 2d). The elemental mapping of these
MOFs shows a uniform distribution of carbon (grey), nickel (green), and
oxygen (red) elements (Fig. 2e-f; Fig. S25).

The chemical bonding between Tp and Ni** offers the n-d conjuga-
tion throughout the 2D layer of Ni-Tp. The extended n-d conjugation
facilitates a lower band gap for the material with semiconductive
properties. The solid-state ultra-violet (UV)-visible spectroscopic inves-
tigation showed a broad range of visible-light absorption from 700 nm to
450 nm with wavelength maxima of 640 nm and 507 nm (Fig. S26a).
Moreover, the Tauc plot suggested an optical-electronic band gap of 1.5
eV (Fig. S26b). To understand the intrinsic electrical conductivity of Ni-
Tp, a 4-probe measurement was performed, which suggests a moderate
sheet conductivity of ~40 uS m! (25 kQ m’l) at room temperature
(Fig. S27 and Table S2). For an electrode with a common precatalyst film
thickness of 1 pm, this sheet conductivity yields a resistivity of 0.25 Q.
Thus, following Ohm law, at a current density of 100 mA em? a
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potential drop of 25 mV would result. We note that the resistivity during
catalysis might be much lower as the applied potential and the proton
active electrolyte can cause proton-coupled electron transfers, leading to
transportable electron holes that facilitate charge transport [16].

3.2. Electrocatalytic properties of Ni-Tp and HMF oxidation

We applied a binder-free electrophoretic deposition approach to
fabricate an electrode coated with Ni-Tp (see Supporting Information for
details). This method was used to manufacture thin films on nickel foam
(NF) (Ni-Tp loading 0.6 mg cm~2, Ni loading 0.2 mg cm 2, called
Ni—Tp-NF) and fluorine-doped tin oxide (Ni-Tp loading 0.3 mg cm 2, Ni
loading 0.1 mg cm 2, called Ni-Tp-FTO, see Fig. 528 for a FT-IR mea-
surement of the Ni-Tp powder and film). Ni-Tp-NF was used for the
electrocatalytic tests due to NF’s better conductivity and higher surface
area. High surface areas are crucial for HMF oxidation as it has been
shown that the reaction can be limited by substrate mass transport
[17-19]. However, NF is unsuitable for many characterization methods,
as it also contains Ni and has no flat surface. Thus, the precatalyst was
also deposited on FTO. First of all, linear scanning voltammetry (LSV) of
Ni-Tp-NF was performed in two electrolytes, 1 M KOH and 1 M KOH
with 30 mM HMF, to investigate the suitability of Ni-Tp-NF and Ni-Tp-
FTO for the selective oxidation of HMF (Fig. 3a and S29). For both
electrodes, a substantially higher current density is observed in the
HMF-containing electrolyte [20]. This additional current can be
assigned to the oxidation of HMF. For both electrodes, the onset of this
additional current is at around 1.37 V versus the reversible hydrogen
electrode (Vryg), concurrent with the nickel(II) oxidation peak in HMF-
free alkaline electrolyte (green line in Fig. 3a and S29). This peak’s
potential is the same for Ni-Tp-NF and Ni-Tp-FTO, and the nickel
oxidation peak for bare NF is severely smaller. Thus, we assign it to the
oxidation of Ni-Tp’s nickel(II) centers (or a phase formed in-situ out of
the Ni-Tp) and not to nickel atoms of the NF. In the HMF-free electro-
lytes, a steep rise in the current density can also be observed (green line
Fig. 3a). This rise onsets 110 mV after the nickel(II) redox peak at
around 1.48 Vgyg, concurrent with strong bubble formation, and we
assign it to the oxygen evolution reaction (OER). Furthermore, the bare
NF reference and an NF with nickel (oxy)hydroxide showed much lower
current densities for HMF oxidation and the OER (Fig. 3a, black and grey
lines and for a comparison with nickel (oxy)hydroxide see Fig. S30).
Bare FTO shows almost no activity (Fig. S29).
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The observed potentiodynamic behavior is typical for Ni centers in
alkaline environments.[9a, 11] For such systems, the oxidation of nickel
(11) leads to the formation of nickel(IlI) and Ni''°_01+(-9 (4ctive
oxygen) [17,21-23]. Both of these Ni species have been shown to be able
to oxidize HMF [18, 3 25]. Nevertheless, for the OER, monometallic
nickel species require a higher potential as the potential determining
step has been found to be the O—O bond formation [21]. The range for
the selective oxidation of alcohols and aldehydes groups, such as those
present in HMF, is between the potential required for the nickel(II)
oxidation and the potential required for the O—O bond formation
(Fig. 3ared arrow). No HMF oxidation occurs at lower potentials, and at
higher potentials, the OER occurs as a side reaction (see Fig. S31 for an
estimation of the potential-dependent Faradaic efficiency) [17,24].

In view of the analysis above, we have chosen 1.47 Vgyg for the bulk
oxidation of HMF. During this bulk oxidation, the reaction mixture was
stirred to minimize substrate mass transport limitations [17,25].
Initially, the current density is above 200 mA cm™2 and then consis-
tently drops (Fig. 3b) as the reaction rate decreases with decreasing HMF
substrate concentration. After 52 min, the minimum charge (for 100 %
Faradaic efficiency) required to completely oxidize HMF to FDCA is
reached. At this time, a proton nuclear magnetic resonance spectrum
(NMR) of the reaction has been recorded with an internal standard
(maleic acid, Fig. S32). This quantification showed that 96 + 4 % of the
HMF has been converted into the desired product, FDCA. Thus,
considering the transferred charge, the selectivity and faradaic effi-
ciency are quantitative (see Supporting Information for details on the
calculation, see Fig. S33 for a 24 h stability measurement). As a refer-
ence, the same experiment has been performed with bare NF. The bare
NF shows a substantially lower current density, and after the same time
at the same potential, only 8 % of the HMF has been converted to FDCA.

3.3. Reconstruction of the MOF revealed by ex- and in-situ analyses

Electrocatalysts behave dynamically during reaction conditions
[26-29]. In this regard, the high applied potentials and the harsh
alkaline conditions (pH 13.89) potentially alter the structure of the
original Ni-Tp phase [20]. To investigate the structural evolution, the
HMF oxidation (HMFO) is performed with Ni-Tp-FTO for 60 min at 25
mA cm 2 with an excess amount of HMF (100 mM, Fig. S34). Afterward,
the sample was rinsed with deionized water and air-dried, which is
referred to as Ni-Tp-HMFO. The FT-IR of Ni-Tp-HMFO shows that all
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Fig. 3. (a) linear scan voltammetry data (10 mV/s, iR corrected, no stirring) of Ni-Tp deposited in a binder-free way on nickel foam (Ni-Tp-NF, Ni-Tp loading 0.6 mg
cm ™2 Ni loading 0.2 mg cm~?) in 1 M KOH (pH = 13.89) and 1 M KOH with 30 mM 5-hydroxymethylfuran (HMF) [16-18]. Relevant onsets, peaks, and potential
ranges are depicted. Bare nickel foam (NF) is added as a reference. Data of the same measurement for a fluorine-doped tin oxide (FTO) substrate is shown in Fig. S29.
(b) Chronoamperometric bulk oxidation of HMF to FDCA (iR corrected, stirring, 10 ml total electrolyte volume) with Ni-Tp-NF and bare NF. H nuclear magnetic

resonance spectra for the reaction mixtures are provided in Fig. S32.
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peaks of the original Ni-Tp phase are still present (Fig. S35). However,
the OH peak at ~ 3300 cm™! is much larger, indicating the partial
reconstruction of the Ni-Tp to a new, hydroxide-containing phase. We
scratched off the material from Ni-Tp-HMFO and investigated it using
electron microscopy. SEM reveals no apparent change in the
morphology (Fig. S36), and an elemental mapping shows a homogenous
distribution of nickel, carbon, and oxygen similar to the as-prepared
material. Additionally, a smaller quantity of potassium is homoge-
neously distributed in the material. TEM images of Ni-Tp-HMFO reveal
the presence of two phases in the material (Fig. 4) after catalysis. One is
the original Ni-Tp phase (Fig. 4a-d), also detected by FT-IR (Fig. S35). It
shows the same morphology and selected area electron diffraction
(SAED) pattern as the as-prepared Ni-Tp (Fig. 4a-d). A second phase
with a different morphology is present (Fig. 4e-h).

This phase comprises nanoparticles with sizes between 10 and 50
nm. Notably, the SAED pattern (Fig. 4g) shows the typical diffraction
spots for layered (oxy)hydroxides [30] and the lattice spacings could be
assigned to nickel (oxy)hydroxides [JCPDS 6-75]. These observations
are confirmed by the high-resolution TEM images (Fig. 4h) and their fast
Fourier transform (inset of Fig. 4h). Nickel (oxy)hydroxides have pre-
viously been reported to form under alkaline oxidizing conditions and
are also the thermodynamically stable Ni phase (see Pourbaix diagram
Fig. 5a) [27,30,31]. We note that SEM energy-dispersive X-ray spec-
troscopy (EDX) has shown that potassium entered the Ni-Tp-HMFO
phase. As previously reported, this potassium is most likely intercalated
into the nickel oxyhydroxide [32]. Thus, the formula of the newly
formed phase is likely K,NiO,H,. The XPS profile of Ni-Tp after catalysis
indicates a lower binding energy shift of the Ols peak (531.19 eV)
compared to before catalysis (532.69 eV, Fig. S37). Furthermore, the
presence of potassium was noted at the binding energies of 292.67 eV
and 295.80 eV for the K2p3,5 and K2p; 2 peaks, respectively.

The Raman spectrum of Ni-Tp-HMFO shows all the peaks of the as-
prepared Ni-Tp and an additional peak in the region for nickel oxides
(Fig. S38). To gain more information into the dynamic behavior of the
material during electrocatalysis, quasi-in-situ Raman spectroscopy was
performed by freeze-quenching the samples in liquid nitrogen. A po-
tential before (Fig. 3a for LSV, 1.25 Vgyg) and after (1.47 Vryg, where
the bulk electrolysis was performed) the nickel(II) oxidation feature was
chosen in 1 M KOH with 30 mM HMF. This oxidation feature is
consistent with the Pourbaix diagram (Fig. 5a), which indicates a phase
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transition around this potential from nickel(II) hydroxide to nickel(III)
oxyhydroxide [31]. In this regard, at 1.25 Vgyg, the Raman spectrum
shows a single peak consistent with nickel(I) hydroxide[17]. At
1.47 Vgug, two peaks appear typical for nickel(III-IV) oxyhydroxide
[17]. These findings align with the formation of the K,NiO,H, phase
identified by TEM. Furthermore, the materials change their color
(Fig. 5a insets). At 1.25 Vgyg, the electrode has the beige color of the as-
prepared Ni-Tp powder, consistent with the previously reported trans-
parency of hydrated nickel(II) hydroxide phases [33]. At 1.47 Vgyg, the
electrode turns black, consistent with nickel(III) oxyhydroxide [33]. The
observation that all Ni is in the oxidized form during the reaction also
indicates that the oxidation of Ni is not the rate-determining step, as it
accumulates (nickel(III) has been shown to oxidize alcohols and alde-
hydes chemically) [22,34]. Thus, the rate-determining step should be
the oxidation of HMF by the nickel(III). Another possibility is that the Ni
charges accumulate due to insufficient substrate availability [19].

The ex-situ and quasi-in-situ characterizations confirm a partial
reconstruction of Ni-Tp to nickel (oxy)hydroxide nanoparticles. This
new phase behaves as predicted by the nickel Pourbaix diagram
(Fig. 5a). The red arrow in Fig. 5a shows the position of the two inves-
tigated potentials with the respective thermodynamically stable nickel
hydroxide and nickel oxyhydroxide phases. When switching the poten-
tial from 1.25 to 1.47 Vgyg, all Ni centers are oxidized, as no peaks for
the nickel(II) hydroxide phase remain in the Raman spectrum, and the
sample turns black. Furthermore, the absence of any Raman features for
nickel(III) oxyhydroxide and the transparency at 1.25 Vgyg show that all
Ni of the in-situ formed KyNiOyH, phase can be reduced again. Thus, all
Ni sites are redox active. To be redox active, they must have access to the
electrolyte, as a proton exchange is involved for charge balance (Ni
(OH)2 — NiOOH + e~ + H™). Furthermore, the sites must be anodically
wired to enable electron transport. These two properties are also pre-
requisites for participating in the HMF oxidation. All Ni sites of the
newly formed nickel (oxy)hydroxide phase fulfill these prerequisites,
indicating that almost all sites can potentially be catalytically active.
This high active site availability is likely accomplished through the
reconstruction of the MOF precatalyst, wherein the nickel centers are
highly dispersed. This dispersion enables the formation of a nickel (oxy)
hydroxide phase comprising nanoparticles, exposing many catalytically
active Ni centers, which is one of the two main advantages of the herein-
used approach. We note that all data indicate that the active sites are

Fig. 4. Transmission electron microscopy (TEM) of the Ni-Tp after HMF oxidation (Ni-Tp-FTO). The samples were scratched off for this investigation. (a-d) show the
as-prepared Ni-Tp phase, which still remains in the sample. (e-h) show the newly formed nickel oxyhydroxide nanoparticles, which formed during the reaction.
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Fig. 5. (a) Pourbaix diagram of nickel with two images of the electrode in aqueous 1 M KOH with 30 mM HMF at 1.47 Vyyg (top image with black electrode, NiOOH)
and 1.25 Vryg (bottom image, beige electrode from the Ni-Tp, Ni(OH), transparent). (b) In-situ Raman spectroscopy in the same conditions as the images of (a),
showing the typical vibrations of octahedrally coordinated [NiOg] in nickel(II) hydroxide (green) and nickel(IIl/IV) oxyhydroxide (blue). (c) In-situ, Fourier-
transformed extended X-ray absorption fine structure (EXAFS) data of the as-prepared Ni-Tp powder and Ni-Tp-FTO that has been conditioned at 25 mA/cm? in
aqueous 1 M KOH with 100 mM HMF and subsequently freeze quenched after 5 min at a potential of 1.47 Vryg. This freeze-quenched sample is called Ni-Tp in-situ.
The k3-weighted data is shown in Fig. $39 (Supporting Information). Simulations of the data are shown as thin red lines. The respective simulation parameters and
detailed explanations of the simulations are shown partly in (d) and extensively in Table S3. The Ni-Tp powder phase could be simulated with a model based on the
crystal structure shown in Fig. 1. However, the simulation succeeded only with six oxygen neighbors around the nickel. Therefore, we suggest that two additional
water molecules are coordinated to the nickel centers. The simulation of the Ni-Tp in-situ sample was only successful when the coexistence of a Ni-Tp and nickel (oxy)
hydroxide phase was assumed. The nickel-oxygen and nickel-nickel bond distances, as well as the XANES (Fig. S40) data indicate that the newly formed phase is
mainly nickel(I) hydroxide. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

located in the nickel (oxy)hydroxide phase. However, this does not
prove that the nickel sites of the Ni-Tp do not contribute to the catalysis
at all.

We have performed in-situ X-ray absorption spectroscopy to provide
additional structural proof for the coexistence of the Ni-Tp and nickel
(oxy)hydroxide phase. In this regard, we collected data for the as-
prepared Ni-Tp powder and a sample freeze-quenched in situ at
1.47 Vgyug, analogously to the in-situ Raman investigations. The ob-
tained data is shown in Fig. 5¢ and 5d (Fourier-transformed extended X-
ray absorption fine structure (EXAFS) data), in Fig. S39 (k3-weighted
EXAFS data), Fig. S40 (X-ray absorption near edge structure (XANES)
data), and Table S3 (detailed description of the EXAFS simulation pa-
rameters and models). For the as-prepared Ni-Tp powder sample, the

simulation of the EXAFS data was only successful with six coordinating
oxygens (see caption of Table S3 for details). Therefore, we propose that
the nickel in Ni-Tp is coordinated by four oxygens of the Tp-linker in a
quadratic planar fashion and, additionally, by two water molecules. For
the in-situ sample, the analysis of this data unambiguously shows the
presence of a nickel (oxy)hydroxide phase, as a large peak typical for the
nickel-nickel distance of nickel (oxy)hydroxide appears in the EXAFS
data (Fig. 5c¢, blue line just below 3 A). Furthermore, the in-situ EXAFS
data simulations were only successful when a remaining Ni-Tp was
included in the model (Table S3 for details). This observation confirms
our hypothesis that a hybrid Ni-Tp nickel (oxy)hydroxide structure
forms in-situ and drives the high electrocatalytic performance.
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4. Conclusion

Overall, the work highlights the application of salicylaldehydate-
linked and n-d conjugated Ni-Tp for electrocatalytic conversion of
HMF to FDCA, achieving a remarkable selectivity and Faradaic effi-
ciency (both 96 + 4 %). Ni-Tp, is synthesized via a solid-state protocol
and plays a pivotal role in the electrocatalytic process by serving as both
a source of active electrocatalytic sites, particularly nickel (oxy)hy-
droxide nanoparticles, and an essential electron transport platform.
Notably, ex- and in-situ characterizations revealed that all these elec-
trocatalytic sites are redox active and benefit from effective contact with
the electrolyte. Thus, the Ni-Tp is an ideal precatalyst in terms of nickel
(oxy)hydroxide active site exposure. The synergy of the uniform
dispersion of Ni atoms and n-d conjugation for electron transport in Ni-
Tp contributes to substantial mass and charge transport and ultimately
enhances the catalytic activity. With its cost-effective and scalable solid-
state production and its efficient performance as a precatalyst, Ni-Tp
demonstrates significant potential for practical applications in biomass
conversion into commercially valuable chemicals. We are hopeful that
the next phase of this work will focus on scaling up the production of Ni-
Tp and exploring its practical utility in large-scale biomass conversion.
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